An efficient, facile microwave-assisted synthesis has been developed for the preparation of unsymmetrical sulfide derivatives from 3-mercaptopropionic acid and a wide variety of alkyl, allyl or aryl chlorides or bromides. The synthesis performed in ethanol at 80 or 120 • C using sodium hydroxide as a base, selectively without an offensive smell, generates 3-(alkylthio)propionic acids in good yields. Effects of reaction components, temperature, and the heating technique on the formation of the product and side-products were studied.
Introduction
3-(Alkylthio)propionic acids 1 are industrially interesting compounds. They have been used as additives in various applications [1 -6] to improve resistance toward heat [2] and oxidants [3] , as well as to increase lubrication [4] , antibacterial, and detergent properties [1] of various materials. Derivatives with small molecular masses have also been studied in antiviral [7] and other biological [8] applications as close analogues of cysteine and methionine and, therefore, they are potential starting compounds for drug development studies.
The alkylation of a thiol group is a well-known synthetic procedure. The syntheses of 1 have usually been performed by S N 2 displacement of a halide group with a thiol group or by a polar addition of an alkanethiol to an α, β -unsaturated carboxylic acid (Scheme 1) [9] . Typically, substitutions of this kind need rather harsh reaction conditions, and often a stoichiometric amount of a base, e. g. NaOH [10] , sodium alkoxide [11] , or KOH [12] , to activate the sulphur nucleophile. Modern versions of nucleophilic substitution by a thiol include a palladium-catalyzed reaction with an alkyl halide in the presence of phosphine additives and Et 3 N [13] or Na 2 CO 3 [14] , S-alkylation (thioalkylation) in an ionic liquid by using K 2 CO 3 [15] , or using a phase transfer catalyst [16] or a hydrotalcite clay [17] . Usually, an equimolar amount of a base is needed to bind the leaving group, e. g. a halide anion. In addition, it is known that thiols tend to form side products with a repulsive 0932-0776 / 07 / 1000-1317 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. Retrosynthetic analysis of thiopropionic acid 1, where R is an alkyl, allyl, or aryl group and X a good leaving group, as e. g. Cl or Br.
odor like volatile sulfides and disulfides (Scheme 2) under basic reaction conditions [9] . This paper reports an improved, rapid and almost odorless synthesis of 1 starting from 3-mercaptopropionic acid and a wide variety of halides RX (R = alkyl, allyl, or aryl; X = Cl, or Br) by using microwave activation.
Results and Discussion
The reaction of a β -halo-substituted carboxylic acid with an alkyl thiol using solid NaOH in ethanol was our starting point toward propionic acid derivatives 1 (Scheme 1, route A) [18] . The substitution of 3-chloropropionic acid (2) by a slight excess of butanethiol (3) in refluxing ethanol for 1 h gave a crude product from which the desired product 4 was easy to isolate. The formation of non-toxic sodium halide as a side product was the primary reason to select NaOH as the base. However, the reaction mixture contained some malodorous by-products, S-dibutylsulfide (5) and S,Sdibutyldisulfide (6) and an ester 7 identified by GC-MS and 1 H NMR methods (Scheme 2). In order to improve Table 1 . The effect of the reaction temperature on the microwave-assisted synthesis of 3-(butylthio)propionic acid (4). [21, 22] . Percentages are based on GC analysis (FID). The formation of S,S -dibutyldisulfide (6) was not detected. b If not specified otherwise, in this paper "butyl" always refers to "n-butyl". c) Only the starting material 8 was recovered.
Scheme 2. The synthesis of 3-(butylthio)propionic acid (4) from 3-chloropropionic acid (2) and butylthiol (3) using conventional heating. Side products 5, 6, and 7 were verified by GC-MS and 1 H NMR [20 -22] .
the fair yield (67 %), the reaction was repeated by using 1.5 equivalents of 3. However, the use of excess thiol increased the formation of 5, 6, and 7. Similar results were obtained also in the reaction of 2 with other alkanethiols [19] . Obviously, there is a competition between the thiol and the carboxylate function of 2 toward the halide substituted carbon. Thus, the substitution by a soft nucleophile like thiol is a thermodynamically favorable process and therefore, microwaveassistance is suitable for this reaction.
Under microwave irradiation at 70 • C for 10 min, the analogous reaction between 2 and 3 (Scheme 2) produced besides 3-(butylthio)propionic acid (4) some sulfide 5 and ester 7. In order to prevent the formation of the sulfides 5 and 6, the functionality of the starting compounds was simply interchanged so that 3-mercaptopropionic acid (8) and alkyl halides were used instead. This change also multiplied the variety of commercially available starting materials. The deprotonation of the carboxylic acid required the use of an additional equivalent of sodium hydroxide [23] . The microwave-assisted reaction of 8 with butyl chloride at 70 • C did not yield any S-alkylated product (Table 1 , entry 1). However, when the reaction temperature was raised to 80 • C, the reaction made a dramatic progress (Table 1 , entry 2). A series of microwave-assisted experiments was carried out at various temperatures as shown in Table 1 .
The results in Table 1 show the influence of the reaction temperature on the selectivity of S-alkylation. The reaction of 8 with butyl chloride at 80 • C solely yielded the product 4. Reaction temperatures higher than 100 • C had only a minor effect on the total yield but induced the formation of side products. The reaction of butyl bromide was cleanest at the lowest reaction temperature (70 or 80 • C). In addition, substitutions of butyl bromide (Table 1 , entries 7 -11) yielded more ester side products 9 and 10 than those of the corresponding chloride (Table 1 , entries 4 -6). Thereby, the isolated yields of 4 from the reactions with butyl bromide were systematically lower than with the corresponding chloride. Amazingly, the substitution reactions at high temperatures with mercaptopropionic acid (8) still yielded some sulfide 5 ( Table 1 , entries 5 -11). This cannot be explained by a direct reaction between the reactants. We believe that sulfide 5 can be formed by the cleavage of the C-S bond in compound 14 [24] forced either by heat or by the attack of the thiolate an- Scheme 3. A possible path for the formation of side products in the microwave-assisted thio-alkylation of mercaptopropionic acid (8) .
ion at the β -position of 14 (Scheme 3). The formation of butanethiol (3) in high temperature reactions supports the former assumption (Table 1 , entries 5, 6, 10, 11). However, the formation of thio(bis)propionic acid derivatives 11 -13 speaks for the nucleophilic substitution at the β -carbon. Ethyl esters 11 and 12 were formed in the esterification reaction with the solvent. Based on the results presented in Table 1 , the optimum reaction temperature for the microwave-assisted preparation of 3-(alkylthio)propionic acids 1 was 120 and 80 • C for various chlorides and bromides, respectively. Temperature profiles of S-alkylations were similar for both halides reaching the set temperature in 20 s by an initial irradiation power of 100 -200 W. After 2 min the irradiation was continued with the power of 15 -25 W for the rest of the reaction. S-Alkylation of 8 with simple primary and secondary halides selectively yielded the desired product A ( Table 2 , entries 1 -6). Aryl, allyl and tertiary alkyl halides can form stable carbocations and, therefore, favour the S N 1-type reaction with a nucleophile resulting in the increasing formation of the ester B (Table 2 , entries 7 -10).
In order to see what would happen between the reaction components when the S N 2-type substitution is an unfavourable process, the alkylation with a hindered halide, tertiary butyl chloride, was carried out (Table 2, entry 7). As expected, the main product was not the tert-butyl adduct of 8. We believe that tert-butyl chloride under basic conditions formed the elimination product 2-methylpropene which subsequently reacted with 8 yielding iso-butylthiopropionic acid (19) . Indeed, the formation of gaseous 2-methylpropene was detected by GC-MS during the reaction. This would explain the moderate yield of the reaction (72 %). The same reaction was repeated also at 80 and 100 • C producing even lower yields of 19. The preparation of functionalized 3-(alkylthio)propionic acids was stud-ied by using the corresponding halides ( Table 2, entries  11 -14) .
Simultaneous bromo and chloro substitution in the alkyl chain directed the S-alkylation to take place with good selectivity at the bromo substituted end, yielding compound 23. The latter is an excellent starting compound for further 3-(alkylthio)propionic acid derivatives. A similar trend was also observed in S-alkylation with other double-substituted compounds. Substitution occurred at the end carrying the good leaving group (Table 2, entries 12 -14) . The relatively low isolated yield of 3-(2-hydroxypropylthio)propionic acid (24) (57 %) is explained by its high water-solubility. It was found later in the course of this study that ethyl acetate probably could be used in place of dichloromethane in the isolation of all products in Table 2 (ethyl acetate was tested in the extraction of compounds 17 -24). This would be a further improvement towards greener chemistry.
Conclusion
In summary, the presented microwave-assisted Salkylation of 3-mercaptopropionic acid by alkyl, allyl, or aryl halides is a simple, efficient, and green method to prepare various 3-(alkylthio)propionic acids. The improved method minimized the formation of toxic side products. Interchange of the functionality of the reactive components increased the chemoselectivity of S-alkylation towards the desired product and simultaneously decreased the formation of odorous byproduct. The amount of side products could be further diminished by optimizing the reaction temperature according to the leaving group. The optimum reaction temperatures for chlorides and bromides were 120 and 80 • C, respectively. The use of microwave activation was superior to conventional heating. Besides the shortening of the reaction time from 1 h to 10 min, the purity and yield of 3-(alkylthio)propionic acids were improved.
Experimental Section
All commercially available reagents (Aldrich, Fluka, Merck) were used as purchased. 1 H and 13 C nuclear magnetic resonance spectra were recorded on a Bruker DPX 200 spectrometer and are reported in ppm from internal tetramethylsilane (TMS) or solvent residue (CDCl 3 , δ H = 7.26 ppm, δ C = 77.16 ppm). Gas chromatograms were recorded on a Perkin Elmer Autosystem XL using a CP-SIL 19 CB column equipped with an FI detector. EI mass spectra (GC-MS) were recorded at 70 eV ionization energies using a HP 5973 mass spectrometer and a HP 6890 series GC system with a DB-624 column. High resolution mass spectra (ESI-MS) were recorded either at negative [M- Typical procedure 3-Mercaptopropionic acid (8) (1.00 g, 9.4 mmol) and 2 mL of ethanol (absolute) were placed into a 7 mL reactor vial. Halide (1.1 equiv.), NaOH (0.75 g, 18.8 mmol) and an additional 1 mL of absolute ethanol were added to the solution followed by a microwave irradiation period of 10 min within the temperature appointed (80 • C for bromides or 120 • C for chlorides). After the reaction was quenched by 20 mL of 2 M HCl, the reaction mixture was extracted with 20 mL of dichloromethane or ethyl acetate. The separated water phase was washed with an additional 20 mL of dichloromethane or ethyl acetate. Organic fractions were combined, dried (Na 2 SO 4 ), filtered, and concentrated. 
3-(Butylthio)propionic acid (4)
[
3-(Propylthio)propionic acid (15) [2]
Yield 94 % (colorless oil, 1.31 g, 8.8 mmol). (16) [25] Yield 94 % (colorless oil, 1.69 g, 8.9 mmol). , 3 H, CH 3 ). 
3-(Hexylthio)propionic acid
(m, 6 H, CH 3 CH 2 CH 2 CH 2 ), 0.89 (t, J = 6.6 Hz
3-(Tetradecylthio)propionic acid (17) [3a]
Yield 77 % (white crystals, 2.26 g, 7.5 mmol). (18) [26] Yield 97 % (colorless oil, 1.34 g, 9.1 mmol). (19) [27] Yield 90 % (colorless oil, 1.42 g, 8.8 mmol). 
3-(Isopropylthio)propionic acid

3-(Isobutylthio)propionic acid
3-(Benzylthio)propionic acid (20) [1]
The reaction was performed as described in the typical procedure above. It was, however, quenched with 10 mL of water and subsequently washed with 10 mL of dichloromethane. The water phase was acidified with 2 M HCl, and extracted with ethyl acetate. The organic fractions were combined, dried (Na 2 SO 4 ), filtered, and concentrated. Yield 72 % (white crystals, 1.33 g, 6.8 mmol). 
3-(Prop-2-enylthio)propionic acid (21) [28]
Yield 85 % (colorless oil, 1.16 g, 7.9 mmol). 
3-(3-Chloropropylthio)propionic acid (23) [29]
The reaction was performed as described in the typical procedure. However, the reaction was quenched by adding 10 mL of water and washed with 10 mL of dichloromethane in order to remove residues of 1-bromo-3-chloropropane. (24) [30] Reaction and isolation were performed as described in the typical procedure above except that diethyl ether (4 × 20 mL) was used for extraction and the acidic water phase was saturated with NaCl. Yield 57 % (colorless oil, 0.89 g, 5.4 mmol). 
3-(3-Hydroxypropylthio)propionic acid
3-[(3-Cyanopropyl)thio]propionic acid (25)
The reaction was performed as described in the typical procedure above. However, it was quenched with 10 mL of water and subsequently washed with 10 mL of dichloromethane in order to remove residues of 3-cyanopropyl-1-chloride. The water phase was acidified with 2 M HCl and extracted with CH 2 Cl 2 as before. The organic fractions were combined, dried (Na 2 SO 4 ), filtered and concentrated yielding a colorless oil (1.33 g, 7.7 mmol, 82 %). - 1 
